2,84 ± 0,12 Mg C ha -1 a -1 for area B and 2,88 ± 0,11 Mg C ha -1 a -1 for the whole country. Given the fact that about 3% of the total assimilated carbon remains in the soil, we calculated that 0,98 Tg C were stored in Polish croplands in 2009. Due to this fact, croplands are short time storage of carbon and thus contribute to greenhouse gas mitigation.
Introduction
Terrestrial ecosystems exchange carbon dioxide (CO 2 ) due to plant photosynthesis and respiration (Schlesinger, Andrews 2000) . If photosynthesis exceeds respiration, ecosystems act as carbon sinks and, if vice versa, as a carbon source. Such sink/source knowledge is important due to ongoing climate change caused by a rise in atmospheric CO 2 concentrations through the burning of fossil fuels, land-use and land-use changes (Anderson et al. 2016) . Studies focusing on the long-term variations in CO 2 exchange (source/ sink behaviour) are of great importance (e.g. Owensby et al. 1999; Bousquet et al. 2000; Acosta et al. 2017) , and also play indirectly an important role in decreasing pollution and the emission of greenhouse gases (Andres et al. 2012; Seinfeld, Pandis 2016; Venhari et al. 2017) .
Therefore, we aim in the current study to analyse the carbon sink strength of major crop types in Poland between 1960 and 2009 using the IPCC methodology (IPCC 2006b ).
It has been stated that the most popular crops in Poland are cereals (GUS 1966 (GUS -2014 . Cereals transfer about 20-30% of the total assimilated carbon to the soil (Kuzyakov, Domański 2000) . Belowground residues of plants are converted to soil organic matter (SOM) and therefore contribute to soil organic carbon (SOC). Enhanced conversion of residues to SOM results in larger soil organic carbon stocks (Ontl, Schulte 2012; Khedr et al. 2017) . While carbon in aboveground biomass of crops can be measured easily, belowground biomass can hardly be measured in situ (Houghton et al. 2009; Magalhães 2015; Shafea et al. 2017) , and must therefore be estimated. One possibility of estimating belowground biomass is based on the equations provided in the instructions of the Guidelines for national greenhouse gas inventories (IPCC 2006b) . Using these, national data describing yields (provided by the Central Statistical Office of Poland (GUS)) are used to reliably calculate aboveground and belowground biomass.
Such analysis is becoming of great importance, since more than 10 million hectares (above 32% of the area of the country) are currently planted with cereals, potato, beetroot, rapeseed and maize (GUS 2014) and it remains unclear whether cropping systems in Poland can mitigate greenhouse gas emissions.
The specific objectives of this study are: to analyse the variation in C uptake by crops (cereals, potato, beetroot, rapeseed and maize) in Poland between 1960-2009, and to evaluate the greenhouse gas mitigation potential of Polish croplands.
Material and methods

Study area
In this study, we present thirteen subareas (former provinces) representing two cropping areas in Poland. Seven subareas are located in western Poland (area A) and six in south-east Poland (area B) (Fig. 1 ). Both areas varied in respect of farm sizes, the amount of fertilizers used annually, average crop yields, and crop structure (Nyćkowiak et al. 2014a) .
Historical developments are the main reason for different farm structures in areas A and B. While area A, located in western Poland, belonged to Prussia between 1795 and 1918, area B, located in the south-east of Poland, belonged to Russia (Bański 2007) . This situation resulted in better economic development in western Poland, where great German estates were located (>20 ha). These estates were transformed state-owned collective farms after the Second World War and existed for 50 years. Then, as a result of the political and economic transformation in 1989, farms previously owned by the state were privatized. Still, their location and size has not change. In contrast, farms located in south-east Poland (area B) rarely exceeded 20 hectares. Such land fragmentation was primarily the result of the habit of passing land down from parents to several children. A result of the large differences in farm structure between area A and B, is vastly differing in crop yields, crop structure, fertilizer application and nitrous oxide emissions. (see also Nyćkowiak et al. 2014a) Mean annual temperatures were 8,4°C (SD = 0,9°C) and 7,9°C (SD = 0,9°C) and precipitation was 542 mm (SD = 96 mm) and 610 mm (SD = 117 mm) for the years 1960-2009 for areas A and B, respectively. Climate diagrams Walter and Lieth (1967; Nyćkowiak et al. 2014b) created in this study indicate mean monthly temperatures and precipitation patterns for individual months in an average year (Fig. 2) .
Carbon uptake calculations
Yearly data of agricultural land use during 1960-2009 were derived from publications of the Central Statistical Office of Poland (GUS). Long-term statistical data used in this study include crop yields (Mg ha -1 a -1 ), the crop structure of cereals (barley, oat, wheat and rye), potato, beetroot, rapeseed and maize as well as the percentage of area under crop production in Poland (GUS 1966 (GUS , 1967a (GUS , 1976b (GUS , 1967c (GUS , 1970 (GUS , 1971 (GUS , 1976 (GUS , 1978 (GUS , 1982 (GUS , 1985 (GUS , 1986 (GUS , 1987 (GUS , 1990 (GUS , 1992a (GUS , 1992b (GUS , 1993 (GUS , 1994a (GUS , 1994b (GUS , 1995 (GUS , 1996 (GUS , 1997 (GUS , 1998 (GUS , 1999a (GUS , 1999b (GUS , 2000 (GUS , 2001a (GUS , 2001b (GUS , 2002 (GUS , 2003 (GUS , 2004 (GUS , 2005a (GUS , 2005b (GUS , 2006a (GUS , 2006b (GUS , 2007a (GUS , 2007b (GUS , 2008a (GUS , 2008b (GUS , 2009a (GUS , 2009b (GUS , 2010 . Carbon uptake of crops was calculated by the increase in aboveground and belowground biomass over time. While changes in aboveground biomass of crops can be easily estimated by measuring the harvested biomass, it remains a major challenge to measure changes in belowground biomass in situ. Still, an estimation of changes in both aboveground and belowground biomass can be achieved with the equations and factors provided in the Guidelines for national greenhouse gas inventories (IPCC 2006b) . Using these, carbon uptake is calculated as follows:
where: Sink C represents the net C uptake by plants; Crop (T) means the harvested annual dry matter for the specific crop 
T estimated as fresh matter multiplied by a conversion factor to derive the dry matter fraction; AG (T) stands for the dry matter of aboveground residues for the defined crop T; R BG(T) is the ratio of belowground residues to harvested yield for crop T (IPCC 2006b). The constant value of 0,45 has been suggested as the typical fraction of carbon in dry matter of plants (Barbour et al. 1987; Kirschbaum et al. 2001 ). Average C uptake of both regions was calculated as the weighted average of all subareas per region.
Total C uptake of crops in Poland during the period 1960 and 2009 was based on the proportions obtained for the 49 former provinces in 1977 (Nyćkowiak et al. 2014a) . With this information, we assume that the spatial variability in C uptake was similar for the whole period of analysis, i.e., 1960-2009. We assumed that the uptake in each individual province in a specific year is proportional to the mean from all of the analysed subareas for the same year. Hence, equation (2) provides an estimate of the C uptake by crops for the Polish territory:
where: M Y is the quantity of C uptake from an area (M) -in this case the agricultural area of Poland -in a specific year (Y); A Y gives the average uptake of C for the specified subareas in year (Y). A similar approach, which focused on nitrous oxide emissions from Polish agriculture, was applied by Nyckowiak et al. (2014a) .
Uncertainty analysis
Uncertainties in the estimation of the net C uptake from agricultural crops exist for three major reasons: (1) the accuracy of statistical data (used raw data from GUS), (2) the estimation of aboveground and belowground dry matter residues with a set equation (Bouwman et al. 2002a-b; IPCC 2006a; Stehfest, Bouwman 2006 ) and (3) the accuracy of carbon content in dry matter (Houghton et al. 1985; Kirschbaum et al. 2001 ). The highest uncertainties are associated with the amount of dry matter residues (between 20-50%) and carbon content in biomass (approximately 10%) (IPCC 2006a-b; Kirschbaum et al. 2001 ).
Results
Crop diversity and yields
The dominant crop type in both areas during the period of 1960-2009 was cereal. The amount of cereals increased in the analysed period, from 68 and 75% in 1960 to 80 and 87% in 2009 (areas A and B, respectively) . The planted area of potato was the second largest, followed by beetroot, rapeseed and maize.
During the period of 1960-2009, higher yields of cereals, potato and rapeseed were observed in area A, while yields of beetroot and maize were higher in area B (Table  1) . A comparison of 1960 and 2009 showed that for all crops analysed in this study, yields were at least 45% higher in 2009 than in 1960 (Table 2 ). The largest increase observed for cereals was above 100% for area A.
Temporal variation of carbon uptake by crops
Temporal variation of carbon uptake by crops in A and B areas of Poland was diversified in years (Fig. 3) . Estimations showed larger quantities of C uptake for the whole period in area A than in area B, average uptake was as high as 0,40 Mg C ha -1 a -1 . An average uptake for area A in the period 1960-2009 was 3,24 Mg C ha -1 a -1 (Fig. 3) . In the period of 1960-1990 a strong increase in C uptake was observed in area A, from 2,10 Mg C ha -1 a -1 in 1960 to 4,14 Mg C ha -1 a -1 in 1990 ( Fig. 3 and 6 ).
A sudden drop in C uptake occurred in 1991-1992, with C uptake decreasing to 2,69 Mg C ha -1 a -1 . The estimated total uptake of C by crops in area B was on average 2,84 Mg C ha -1 a -1 between 1960-2009 (Fig. 3) . The average uptake from area B was 1,78 Mg C ha -1 a -1 in 1960. Similarly to area A, the uptake increased until 1990, reaching 
Crop contribution to total carbon uptake
The total carbon uptake during the period from 1960 to 2009 was based on five dominant crop types (Table 4) . The largest contributor to the total C uptake was cereal.
The uptake by potato accounted for 50% of the remaining total uptake in the area A and more than 50% in area B.
A comparison of 1960 and 2009 showed that the biggest share in the total C uptake occurred from cereals ( Fig. 4 and Table 5 ). The uptake by cereals in the last year of the analysed period accounts for more than 80% of the total C uptake in both areas. Nevertheless, the contribution of rapeseed and maize to the total C uptake showed an upward trend in both areas. This increase most likely occurred due to an upward trend in the cultivated area under grape seed and maize. However, we simultaneously observed decreases in components from potato and beetroot in both areas (Fig. 4 and Table 5 ). 
C uptake for the whole territory of Poland
The upscaling of carbon uptake by croplands was based on a similar approach to the one used in Nyćkowiak et al. (2014a) . The selected areas (A and B) served as the typical cropland area for the whole country. The estimated average value of the total C uptake by crops in Poland was 2,88 Mg C ha -1 a -1 between 1960-2009. During the same period, continuous increases in C uptake were observed, from 1,83 Mg C ha -1 in 1960 to 3,60 Mg C ha -1 in 1990
( Fig. 3 and 5) . A sudden decrease in C uptake was observed in 1992 (reduced to 2,62 Mg C ha -1
). Since then, C uptake from croplands has fluctuated between 2,79 Mg C ha -1 a -1 and 3,85 Mg C ha -1 a -1 until today.
Spatial heterogeneity in C uptake by croplands
When analysing the data, several hot spots of C uptake could be identified (Fig. 7 , province H.1, A.4 and A.5 with 3,59; 3,57 and 3,50 Mg C ha -1 a -1 , respectively). Similarly, areas of reduced C uptake were found, e.g. H.2, H.3 and H.4 (1,94; 2,15 and 2,18 Mg C ha -1 a -1 , respectively) (Fig. 6) . Still, C uptake was greater in western Poland than in the east. This difference became even more obvious after 1990 (Fig. 5 and Fig. 7) . 
Uncertainty analysis
Uncertainty estimation of carbon uptake for the period of 1960-2009 (Table 6 and 7) in area A was 23% on average (minimum and maximum amount of uptake was 2,90 and 3,97 Mg C ha -1 a -1
), whereas in area B it was 24% (min. 2,51 and max. C uptake 3,53 Mg C ha -1 a -1 ).
Uncertainties resulted from biases in calculations of the aboveground and belowground residues (IPCC 2006a) and carbon content of the dry matter (0,45 to 0,50; Kirschbaum et al. 2001 ).
Discussion
This study shows estimates of carbon uptake in croplands for two selected regions in Poland. The choice of the two regions was dictated by the different degree and level of management. For several centuries, area A had the intensive growing culture of European agriculture. This fact was further strengthened in 1772-1918, when Poland was divided by partitions and the country became occupied by Prussia, Russia and Austria-Hungary (Bański 2007) . As a result of the partitions, the western region, which is contemporarily within Polish borders, had much better conditions for development than the eastern areas (Bański 2007) . Farms from western Poland were included in big estates and converted into state-owned collective farms after the Second World War (Bański 2007) . Their size and structure has often remained unchanged until today. Eastern parts of Poland were in a different condition, as state-owned collective farms did not play a significant role. The land was dominated by small family farms, supported less by the government when compared to state-owned collective farms in the west. This opposite development resulted in smaller amounts of mineral fertilizers being applied and subsequently brought lower yields (Nyćkowiak et al. 2014a ). Larger C uptake in western Poland, as estimated for the time span 1960-2009, most likely occurred due to the more efficient management of farmland. Differences in farm management between the east and west are primarily visible in the crop cultures as well as the yields (Table 1) . Although both areas were located within Polish territory after the First and Second World Wars, and development investment was in the same order of magnitude, the abovementioned historical differences have not been overcome to this day (Bański 2007) (Table 4) .
Between 1960 and 1991, an upward trend in the uptake of C by crops was observed in both analysed areas. This was mostly caused by the increased use of mineral fertilizer in both areas during this time period (r 2 = 0,60 and r 2 = 0,52, respectively, Table 3 ). Mineral fertilizer application increased almost six times in both areas between 1960 -1989 (Nyćkowiak et al. 2014a ). Organic fertilization, in contrast to mineral fertilization, could not be related to carbon uptake (r 2 = 0,01 and r 2 = 0,22, for areas A and B, Table 3 ). A sudden drop in C uptake in 1992 was observed in area A (reduction to 2,69 Mg C ha -1 ), whereas this pattern was smaller in area B. The difference was caused by a sudden drop in mineral fertilizer availability (r 2 = 0,53 and r 2 = 0,49, for areas A and B, Table 3 ) after the political and economic changes in Poland after 1989 (Ariaratnam, Antalik 1996) . In the years 1990 and 2009 we observed very high fluctuations in carbon uptake, especially in the west. Based on the estimations found, western Poland is a better carbon sink than eastern Poland. In this way, we may conclude that the western region has higher climate change mitigation potential than the eastern part. All the described crops in Poland absorbed in 1960 nearly 21 Tg C and in 2009 more than 32 Tg C. Most of the absorbed carbon will be quickly returned to the atmosphere because the yield will be used for food production or as fodder. But 3% of the total assimilated carbon remains in soil and in microorganisms (Kuzyakov, Domański 2000) . According to the abovementioned quantity, from 0,66 Tg C in 1960 to 0,98 Tg C in 2009 was stored in Polish soils under crops, and thus contributed to climate change mitigation. 
